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Abstract Statistical descriptions of coherent flow motions in the atmospheric
boundary layer have many applications in the wind engineering community. For
instance, the dynamical characteristics of large-scale motions in wall-turbulence
play an important role in predicting the dynamical loads on buildings, or the
fluctuations in the power distribution across wind farms. Davenport (Quarterly
Journal of the Royal Meteorological Society, 1961, Vol. 372, 194-211) performed
a seminal study on the subject and proposed a hypothesis that is still widely
used to date. Here, we demonstrate how the empirical formulation of Davenport
is consistent with the analysis of Baars et al. (Journal of Fluid Mechanics, 2017,
Vol. 823, R2) in the spirit of Townsend’s attached-eddy hypothesis in wall turbu-
lence. We further study stratification effects based on two-point measurements of
atmospheric boundary-layer flow over the Utah salt flats. No self-similar scaling is
observed in stable conditions, putting the application of Davenport’s framework,
as well as the attached eddy hypothesis, in question for this case. Data obtained
under unstable conditions exhibit clear self-similar scaling and our analysis reveals
a strong sensitivity of the statistical aspect ratio of coherent structures (defined as
the ratio of streamwise and wall-normal extent) to the magnitude of the stability
parameter.
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1 Introduction and Context
Coherence quantities of atmospheric surface-layer (ASL) turbulence are of great
practical significance to the wind-engineering community as these are required
for determining the dynamic action of atmospheric turbulence on wind-sensitive
structures, such as tall buildings, long span bridges (Isyumov, 2012), and wind
turbines (Saranyasoontorn et al., 2004), or in predicting peak-power distributions
across wind farms (Sørensen et al., 2007, 2008). Ground-breaking work on this
subject is by Alan G. Davenport and can be found in Davenport (1961a), Daven-
port (1961b), Simiu and Scanlan (1996), Pasquill (1971), Davenport (2002) and
Baker (2007). The particular aspect we focus on here is the degree and extent of
the coherence of wind fluctuations in the vertical direction, which is quantified via
the linear coherence spectrum
γ2 (z, zR;λx) ≡ |〈X (z;λx)X
∗ (zR;λx)〉|2〈
|X (z;λx)|2
〉〈
|X (zR;λx)|2
〉 , (1)
where, X (z;λx) = F [ψ(z)] is the Fourier transform of some fluctuating quantity
ψ(z) and λx is a streamwise wavelength. The vertical position is z, and zR de-
notes the reference position usually taken close to (or at) the surface. The asterisk
* indicates the complex conjugate, 〈〉 denotes ensemble averaging and || is the
modulus. It is noted that the numerator equals the square of the cross-spectrum
magnitude, while the two energy spectra of ψ(zR) and ψ(z) form the denomina-
tor. Since γ2 only incorporates the magnitude of the cross-spectrum, the value of
γ2 represents the maximum correlation for a specific scale λx. Consequently, γ
2
equates to the fraction of common variance shared by χ(zR) and χ(z) and we note
that, by definition, 0 ≤ γ2 ≤ 1. As indicated in Eq. 1, γ2 generally is a function of
the positions z and zR and the wavelength λx (Note that we restrict the discus-
sion to streamwise scales here as via Taylors hypothesis this direction is the most
accessible experimentally).
Davenport (1961a) hypothesised that the coherence is (i) a function of the ratio
∆z/λx only, where ∆z = z−zR, and (ii) based on empirical observations proposed
the functional form
γ2D = exp(−2k∆z/λx), (2)
where k is a fit parameter to be determined from experimental data. Such a formu-
lation is still widely used in the wind-engineering community to date (e.g. Baker,
2007) and we will refer to it as Davenport’s hypothesis.
During the same era as Davenport, A. A. Townsend made his impact in the
field of turbulent shear flows (Marusic and Nickels, 2011), most notably with his
attached-eddy hypothesis (Townsend, 1976; Perry and Chong, 1982; Marusic and
Monty, 2019). A central tenet of the attached-eddy hypothesis states that eddying
motions in the logarithmic region of wall-bounded flows are self-similar and that
their size scales with their distance from the wall z. In the context of the ASL,
reference to the attached-eddy hypothesis has been made before, e.g. most recently
by Li et al. (2018). Evidence in support of self-similarity and wall-scaling has been
reported throughout the boundary layer community (see for instance Jime´nez,
2012; Hwang, 2015; Marusic et al., 2017) and most recently by Baars et al. (2017)
who investigated the vertical coherence of the longitudinal velocity fluctuations
relative to a reference very close to the wall.
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Interestingly, it seems that regarding the coherence no cross-work exists be-
tween the two respective scientific communities to which Davenport (wind engi-
neering) and Townsend (turbulent shear flow) belonged. To the authors’ knowl-
edge, only Davenport himself noted the early work of Townsend, as Davenport
(1961b, p. 209) states: “Some of the possible implications of this have been dis-
cussed by Townsend (1957).” In this article we aim to connect the progress made
in these communities regarding the understanding of the self-similar turbulent
eddy structures in the ASL, as quantified by the coherence-diagnostic. In doing
so, we will show that the geometrical self-similarity implied in Davenport’s hypoth-
esis is consistent with the attached-eddy hypothesis. Further, we will demonstrate
that also the functional form given in Eq. 2 agrees closely with a logarithmic
dependence derived from the attached-eddy model (Baars et al., 2017).
We will start out by providing brief reviews of Townsend’s and Davenport’s
hypotheses (Sect.2) and demonstrate their conformity. Subsequently, we describe
high-fidelity velocity and temperature data taken along the vertical direction in
the atmospheric surface layer over smooth terrain (Sect.3). These data are used
in Sect.4 to infer the coherence statistics as a function of atmospheric stability.
Throughout, we only employ the fluctuating components of the turbulence quan-
tities; the streamwise (or longitudinal), spanwise and wall-normal velocity fluctu-
ations are denoted by u, v and w, respectively, with associated coordinates x, y
and z. Temperature fluctuations are denoted with θ, its mean by Θ.
2 Connecting the Hypotheses of Townsend and Davenport
2.1 Coherence Following Townsend’s Attached-Eddy Hypothesis
Townsend (1976) envisioned that a wall-bounded shear flow encompasses a range
of self-similar ‘attached eddies’. The terminology ‘attached’ thereby implies that
turbulence statistics scale with their distance from the wall, so-called z-scaling.
The exact types of characteristic eddies and whether they are truly attached is
of secondary importance. The AE description is applicable in the inertial region
of the turbulent boundary layer (TBL), where the scales range from O(100) vis-
cous units ν/Uτ to the order of the boundary-layer thickness δ. In practice, the
inertial or ‘logarithmic’ region of the ASL occupies the range from order of mil-
limetres above the ground to O(100m) and therefore is highly relevant to all wind-
engineering applications. The ratio of the two length scales ν/Uτ and δ forms
the friction Reynolds number, Reτ ≡ δUτ/ν, where ν is the kinematic viscosity
and Uτ =
√
τ0/ρ is the friction velocity, with τ0 and ρ being the wall-shear stress
and fluid density, respectively. Note that throughout the superscript ‘+’ signifies
normalization by ‘inner’ scales ν/Uτ and Uτ . A quantity analogous to the shear
velocity, the wall conduction velocity, is given by Θτ = −ε∂Θ|z=0/Uτ , ε being the
thermal diffusivity.
Here, we review key results of Baars et al. (2017), who examined two-point
measurements in the wall-normal direction for smooth-terrain and well-controlled
flow conditions. Baars et al. (2017) considered measurements taken at the Utah
SLTEST facility in ASL over salt flats at Reτ ≈ 1.4 × 106 (Marusic and Heuer,
2007); further details of these types of experimental campaigns to study high-
Reynolds-number wall-bounded turbulence can be found in the literature (Metzger
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Fig. 1: (a) Linear coherence spectra for the neutral ASL (Marusic and Heuer,
2007). Five spectra correspond to the five sonic-anemometers (darker shades of
grey reflect increasing wall-normal distance). (b) Coherence spectra of sub-figure
(a) presented as a spectrogram (red contours with levels 0.1:0.1:0.9 from left-
to-right). The premultiplied streamwise energy spectrogram is shown with the
underlying filled contours (grey contours with levels 0:2:0:2:1.8). The figure is
adopted from Baars et al. (2017a).
in equation 1. One coherence spectrum is obtained per velocity-pair u(zR)–u(z),115
where z ranges from z+ ≈ 3 500 up to z/δ ≈ 0.03Reτ (corresponding to physical116
dimensions of z = 2 to 5m, Marusic and Heuer, 2007). Figure 1a shows the five117
γ2 spectra as a function of λx/z. Note that streamwise wavelength λx has been118
computed following λx ≡ U(z)/f , where U(z) is the mean streamwise velocity and119
f the temporal frequency.120
A coherence spectrogram is formed by presenting the five individual coherence121
spectra as iso-contours of γ2 in the (λx, z) plane (Fig. 1b). The iso-contours in-122
crease in value with increasing wavelength, and the contours follow lines of constant123
λx/z (slope of 1), reflecting the collapse of the individual spectra in Fig. 1a. For124
reference, the energy spectrogram of the streamwise velocity fluctuations is shown125
with filled iso-contours underneath the γ2 spectrogram. Energy is presented in126
premultiplied form kxφuu/U
2
τ . Evidently, only a portion of the energy is statisti-127
cally coherent with the near-wall measurement (the portion of the energy residing128
below non-zero contours of γ2).129
Fig. 1 demonstrates that only increasingly larger scales remain coherent with130
zR when z moves upward. This trend is consistent with Townsend’s AEH. The131
inset of figure 2a shows an idealised wall-attached turbulent structure with wall-132
normal extent l, streamwise scale ∆x such that the aspect ratio A ≡ λx/z. The133
widely observed phase difference in coherence metrics along the vertical direction134
(e.g. Panofsky et al., 1974; Marusic and Heuer, 2007; Chauhan et al., 2013; Liu135
et al., 2017), is equivalent to an inclination angle α in the internal structure of136
such an eddy. However, this is not of relevance here as we are only focusing on137
the magnitude of the coherence, which reflects the extent of the strucures and is138
insensitive to a phase shift (or inclination) between the turbulent fluctuations at z139
and zR. Townsend’s AEH in the formulation of Perry and Chong (1982) assumes140
Fig. 1: (a) Linear coherence spectra for the neutral ASL (Marusic and Heuer,
2007). Five spectra correspond to the five sonic-anemometers (darker shades of
grey reflect increasing wall-normal distance). (b) Coherence spectra of sub-figure
(a) presented as a spectrogram (red contours with levels 0.1:0.1:0.9 from left-
to-right). The premultiplied streamwise energy spectrogram is shown with the
underlying filled contours (grey contours with levels 0:2:0:2:1.8). The figure is
adopted from Baars et al. (2017).
et al., 2007; Hutchins et al., 2012; Wang and Zheng, 2016; Yang and Bo, 2017). A
wall-normal array of five sonic anemometers was employed, situated above a wall-
shear-stress sensor. This unique set-up allowed them to investigate the coupling
between the outer-region turbulence and the near-wall footprint in the fluctuat-
ing friction velocity. In most other cases only a near-wall velocity measurement is
available, as will be considered later. The coupling at different heights was exam-
ined in spectral space using the linear coherence spectrum defined in Eq. 1. One
coherence spectrum is obtained per velocity-pair u(zR)–u(z), where the height z
ranges from z+ ≈ 3 500 up to z/δ ≈ 0.03Reτ (corresponding to physical dimen-
sions of z = 2 to 5 m, Marusic and Heuer, 2007). Figure 1a shows the five γ2
spectra as a function of λx/z. Note that the streamwise wavelength λx has been
computed following λx ≡ U(z)/f , where U(z) is the mean streamwise wind speed
and f is the temporal frequency.
A coherence spectrogram is formed by presenting the five individual coherence
spectra as iso-contours of γ2 in the (λx, z) plane (Fig. 1b). The iso-contours increase
in value with increasing wavelength, and the contours follow lines of constant
λx/z (slope of 1), reflecting the collapse of the individual spectra in Fig. 1a. For
reference, the energy spectrogram of the streamwise velocity fluctuations is shown
with filled iso-contours underneath the γ2 spectrogram. Energy is presented in
premultiplied form kxφuu/U
2
τ , where φuu is the one-sided power spectrum of u.
Evidently, only a portion of the energy is statistically coherent with the near-wall
measurement (the portion of the energy residing below non-zero contours of γ2).
Figure 1 demonstrates that only increasingly larger scales remain coherent with
zR when z moves upward. This trend is consistent with Townsend’s attached-eddy
hypothesis in the formulation of Perry and Chong (1982), where a hierarchy of
self-similar eddies is assumed as sketched in Fig. 2a. Each consecutive hierarchy
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is subject to an arbitrary scaling factor χ. Figure 2b shows an idealized wall-
attached turbulent structure with wall-normal extent l, streamwise scale ∆x such
that the aspect ratio A ≡ λx/z. When interpreting the coherence footprint of
such a structure, it is important to recall that the coherence metric relates signal
contributions at the same scale λx ∝ ∆x. In the present application, this implies a
parallelogram-like eddy structure as shown in Fig. 2b, for which ∆x is the same at
all z. The widely observed phase difference in coherence metrics along the vertical
direction (e.g. Panofsky et al., 1974; Marusic and Heuer, 2007; Chauhan et al.,
2013; Liu et al., 2017; Salesky and Anderson, 2018), is equivalent to the inclination
angle α of this structure as indicated in the figure. However, our definition of the
aspect ratio only depends on ∆x and l, i.e. the maximum wall-distance at which
coherence at scale ∆x is observed. The aspect ratio A is hence solely determined
by the magnitude of the coherence and insensitive to a phase shift (or inclination)
between the turbulent fluctuations at z and zR.
The implications of such a flow organization on the coherence spectrum with
reference at the wall (zR = 0) is depicted in Fig. 2a. For each eddy hierarchy,
there exists a minimum characteristic streamwise wavelength λx,i ≈ ∆xi at which
the structure appears coherent. Since eddies within the same hierarchy appear
randomly in space (or time) (Woodcock and Marusic, 2015), a non-zero coherence
(and also turbulent energy) exists for scales larger than λx,i within that hierarchy.
Thus, for hierarchy i with a wall-normal extent of χ(i−1)l, a non-zero contribution
γ2i to the coherence occurs in the region z < χ
(i−1)l and λx > A · χ(i−1)l. The
magnitude of γ2i may vary with λx and z, but for simplicity we assume a uniform
magnitude represented by a uniform grey-scale per γ2i iso-contour in Fig. 2b. Our
conclusions, however, remain unaffected by eventual variations in γ2i as long as
these remain self-similar across hierarchies as implied by the self-similarity of the
underlying eddy field. The full coherence spectrogram finally results from super-
posing the contributions of all hierarchies as reflected by increasing grey scales of
the superposed transparent rectangles in Fig. 2b. Within a triangular region in
(λx, z) space, bounded by a minimum wall-normal height z = l, a constant λx/z
limit (at small wavelengths) and a constant λx limit (large wavelengths), the γ
2
iso-contours align with lines of constant λx/z. Within this region, the magnitude
of γ2 increases linearly with ln(λx) (for constant z) and decreases with ln(z) (for
constant λx): a direct consequence of a geometrically self-similar structure. This
implies that as a consequence of the attached-eddy hypothesis assumptions, the
coherence magnitude within the self-similar region adheres to
γ2AE = C1 ln
(
λx
z
)
+ C2, (3)
where C1, C2 are fit constants. The aspect ratio then follows from
A =
λx
z
|γ2AE=0 = exp
(−C1
C2
)
. (4)
Based on laboratory data at Reτ ≈ 14 000, Baars et al. (2017) obtained C1 ≈ 0.302
and C2 ≈ −0.796, which results inA ≈ 14. These values were seen to be consistent
with numerical data at Reτ ≈ 2 000 (Sillero et al., 2013) and the ASL data at
Reτ ≈ 1.4 × 106 (Marusic and Heuer, 2007) (see the corresponding trend line in
Fig. 1). All cases represent the turbulent boundary layer under neutral stability
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Fig. 2: (a) A hierarchical range of self-similar wall-attached turbulent eddy struc-
tures; for the purpose of this sketch, an arbitrary self-similar scaling factor of
χ = 1.5 is chosen. (b) Illustration of the eddy geometry. The thick blue line rep-
resents the parallelogram-like shape implied by the fact that the linear coherence
considers the same wavelength at different z. The structure inclination angle α
can equivalently be expressed as a phase shift ∆t between signals at different wall-
normal locations. (c) Filled iso-contours of γ2 coherence of four discrete hierarchies
(one grey shade per hierarchy i = 1, ...,4), relative to a very near-wall reference
position zR. (d) Portion of the wall-reference-coherence spectrogram that survives
when zR is placed at an arbitrary position in the logarithmic region (blue shaded
contours).
performed over smooth walls/terrain. Since (3) holds for three orders of magnitude184
in Reτ , it can be concluded that a wall-attached, self-similar structure is indeed185
ingrained in the u velocity field. Similar conclusions for more isolated ranges in186
Reτ were made by Morrison and Kronauer (1969) and Bullock et al. (1978) for187
pipe flow and more recently by del A´lamo et al. (2004) for channel flow. Generally,188
all these results explicitly show the (wall-)coherent nature of the turbulence in189
the logarithmic region (at λx > zA). In particular, for all ASL type applications190
(Reτ ∼ 105 to 106), where the relative range of scales that are coherent will191
grow, these results reflect large-scale turbulent structures comprising significant192
lifetimes in the streamwise direction (Cantwell, 1981; Robinson, 1991; Hutchins193
and Marusic, 2007).194
Thus far, the coherence trend has been discussed only relative to the wall such195
that zR → 0. However, in typical tower micrometeorology studies, the reference196
Fig. 2: (a) hierarchical range of self-si ilar all-attached turbulent eddy struc-
tures; for the purpose of this sketch, an arbitrary self-si ilar scaling factor of
χ 1.5 is chosen. (b) Illustration of the eddy geo etry. he thick blue line rep-
resents the parallelogra -like shape i plied by the fact that the linear coherence
considers the sa e avelength at different z. he structure inclination angle α
can equivalently be expressed as a phase shift ∆t bet een signals at different all-
nor al locations. (c) Filled iso-contours of γ2 coherence of four discrete hierarchies
(one grey shade per hierarchy i 1, ..., 4), relative to a very near- all reference
position zR. (d) ortion of the all-reference-coherence spectrogra that survives
hen zR is placed at an arbitrary position in the logarith ic region (blue shaded
contours).
conditions and were performed over smooth walls/terrain. Since (3) holds for three
orders of magnitude in Reτ , it can be concluded that a wall-attached, self-similar
structure is indeed ingrained in the u velocity field. Similar conclusions for more
isolated ranges in Reτ were made by Morrison and Kronauer (1969) and Bullock
et al. (1978) for pipe flow and more recently by del A´lamo et al. (2004) for channel
flow. Generally, all these results explicitly show the (wall-)coherent nature of the
turbulence in the logarithmic region (at λx > zA). In particular, for all ASL
type applications (Reτ ∼ 105 to 106), where the relative range of scales that are
coherent will grow, these results reflect large-scale turbulent structures comprising
significant lifetimes in the streamwise direction (Cantwell, 1981; Robinson, 1991;
Hutchins and Marusic, 2007).
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Thus far, the coherence trend has been discussed only relative to the wall such
that zR → 0. However, in typical tower micrometeorological studies, the reference
measurement is taken at z ∼ 1 m (which is well within the logarithmic region for
typical atmospheric conditions). To illustrate how an off-wall position at height
zR affects the idealized coherence trend in the attached eddy picture envisioned
by Townsend, we increased the number of discrete hierarchies to 10 in Fig. 2c. For
any given zR, only the wall-attached turbulent structures that extend beyond zR
are coherent with zR (their corresponding coherence contours are blue-shaded).
The coherence trend above zR remains unaffected if only wall-attached structures
are considered.
As a final remark, we point out that the above considerations made for the
streamwise velocity component should also apply to the spanwise velocity field
and temperature (Perry and Chong, 1982; Krug et al., 2018).
2.2 Comparing Davenport’s Hypothesis to Townsend’s
Davenport (1961a) presented a trend in the wall-normal coherence of streamwise
velocity fluctuations u based on observations from typical tower micrometeorologi-
cal data. It was evident from the data that both a decreasing wavelength λx ≡ U/f
and an increase in vertical separation ∆z = z − zR made the turbulent quantities
less coherent. He hypothesized that for a given stability, the coherence should only
depend on the ratio of ∆z and λx. The implied geometrical self-similarity is obvi-
ously equivalent to the attached eddy framework discussed above if ∆z ≈ z, which
is approached either for zR → 0 or for z  zR in experiments. The Davenport
formulation, however, also entails self-similarity for any reference point, not just
the wall, and therefore additionally encompasses also self-similarity of ‘detached’
structures. Noting that the drop-off in coherence with increasing ∆z/λx resembles
an exponential decay, Davenport (1961a) gave the following empirical expression
γ2D = exp
(
−2a∆z
λx
)
, (5)
where a is a decay parameter. Here, a factor of two is added in the exponent
compared to the original formulation, as Davenport proposed the relation for γ
(root-coherence) and we use k ≡ 2a for brevity. Just as in other later works, we
prefer γ2, since the squared coherence is proportional to the fraction of energy that
is coherent over ∆z. With respect to the fitting constant in (5), Davenport initially
quoted a = 7.7 for the ‘vertical coherence’ (∆z separations) of the u component
in neutral conditions. Slightly updated values and extensions of the formulation
to other velocity components and the temperature field have been reported in
the ensuing literature (Pielke and Panofsky, 1971; Davison, 1976; Berman and
Stearns, 1977). It is generally accepted that a varies with surface-layer stability in
the sense that it is small in strong convection and large in neutral or stable air,
and we address this aspect in the following. A representation of (5) with k = 23
(Panofsky, 1973; Naito and Kondo, 1974) is included in Fig. 1a and is seen to
match closely with (3) and the data for neutral conditions.
Since the introduction of (5) in 1961, many researchers have tested their data
against Davenport’s hypothesis. Studies range from research focusing on vertical
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Fig. 3: Parametrisations of the coherence spectrogram according to (3) with C1 =
0.302 and C2 = −0.796 (solid blue line) and (5) with k = 23 (thick dashed red
line). Panel (a) shows γ vs. z/λx on linear axes as commonly plotted in the wind
engineering community, in (b) γ2 is plotted vs. λx/z on semilogarithmic axes.
Additional thinner dashed lines in varying shades of red illustrate the effect of
varying k in (5) over a range k = 5 to k = 39 in increments of 3.
Before we introduce this dataset (see section §3), we briefly consider stability239
effects in more detail. For this purpose, we have replotted the parametrisations240
according to (3) and (5) already included in Fig. 1(a) in Fig. 3 along with Dav-241
enport parametrisations at varying k. As mentioned before, increasing stability242
corresponds to increasing k and the linear plot of γ vs. z/λx in Fig. 3(a) clearly243
illustratres how this leads to a faster decay of coherence. From the plot of γ2 vs.244
λx/z in Fig. 3(b) it becomes apparent that a change in k approximately leads to245
a horizontal shift of the curves. In the framework of Baars et al. (2017b), such a246
shift implies a change in aspect ratio of the wall-attached structures and we will247
investigate this aspect in more detail in the following.248
3 Dataset249
The experimental dataset employed in this study has been recorded by Marusic250
and Heuer (2007), Marusic and Hutchins (2008) and was previously employed in251
a study of the neutral surface layer by Hutchins et al. (2012b) and investigation252
of the stability dependence of the structure inclination angle by Chauhan et al.253
(2013). We refer to these papers for details beyond the short overview provided254
here.255
The complete dataset consists of a continuous recording over several days (26256
May to 4 June 2005) at the Surface Layer Turbulence and Environmental Science257
Test (SLTEST) facility in the salt flats of western Utah. A measurement tower258
held nine logarithmically spaced sonic anemometers (Campbell Scientific CSAT3)259
at distances ranging from 1.42m to 25.69m above ground, which recorded all three260
Fig. 3: Parametrizations of the coherence spectrogram according to (3) with C1 =
0.302 and C2 = −0.796 (solid blue line) and (5) with k = 23 (thick dashed red
line). Panel (a) shows γ vs. z/λx on linear axes as commonly plotted in the wind-
engineering community, in (b) γ2 is plotted vs. λx/z on semi-logarithmic axes.
Additional thinner dashed lines in varying shades of red illustrate the effect of
varying k in (5) over a range k = 5 to k = 39 in increments of 3.
coherence of various velocity components in tower micrometeorological data (Dav-
enport, 1961a; Panofsky and Singer, 1965; Pielke and Panofsky, 1971; Naito and
Kondo, 1974; Panofsky et al., 1974; Brook, 1975; Seginer and Mulhearn, 1978;
Kanda and Royles, 1978; Soucy et al., 1982; Bowen et al., 1983; Saranyasoontorn
et al., 2004), investigations including the lateral/spanwise coherence (Kristensen
and Jensen, 1979; Ropelewski et al., 1973; Panofsky and Mizuno, 1975; Perry
et al., 1978; Kristensen, 1979; Kristensen et al., 1981; Schlez and Infield, 1998),
the coherence of temperature fluctuations (Davison, 1976) and even meso-scale ap-
plications (typically in the horizontal directions) (Hanna and Chang, 1992; Woods
et al., 2011; Vincent et al., 2013; Larse´n et al., 2013; Mehrens et al., 2016). To-
gether, these measurements cover a great variety of terrain and topography. Here
we wish to restrict the discussion to the effect of stability and limit the analysis
to the base case over smooth terrain, where high fidelity data are available from
experiments at the Ut h salt flats.
Before we i troduce this dataset (see Sect. 3), we briefly consider stability
effects in more etail. For this purpose, we have replotted the parametrizations
according to (3) and (5) already included in Fig. 1a in Fig. 3 along with the
Davenport parametrizations at varying k. As mentioned before, increasing stability
corresponds to increasing k and the linear plot of γ vs. z/λx in Fig. 3a clearly
illustratres how this leads to a faster decay of coherence. From the plot of γ2 vs.
λx/z in Fig. 3b it becomes apparent that a change in k approximately leads to a
orizontal shift of the curves. In the framework of Baars et al. (2017), such a shift
implies a change i aspect ratio of the wall-attached structures and we investigate
this aspect in more detail below.
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3 Dataset
The experimental dataset employed in this study has been recorded by Marusic
and Heuer (2007), Marusic and Hutchins (2008) and was previously employed in
a study of the neutral surface layer by Hutchins et al. (2012) and investigation
of the stability dependence of the structure inclination angle by Chauhan et al.
(2013). We refer to these papers for details beyond the short overview provided
here.
The complete dataset consists of a continuous recording over several days (26
May to 4 June 2005) at the Surface Layer Turbulence and Environmental Science
Test (SLTEST) facility in the salt flats of western Utah. A measurement tower
held nine logarithmically spaced sonic anemometers (Campbell Scientific CSAT3)
at distances ranging from 1.42 m to 25.69 m above ground, which recorded all three
components of velocity along with temperature. All measurements were synchro-
nised and recorded at a sampling rate of 20Hz. In addition, there was a spanwise
array at zs = 2.14 m above ground with 9 anemometers of the same type evenly
spaced over 30 m from the tower. Data from this array are only employed here to
characterise the stability of the surface layer.
Prior to further analysis, the data are corrected for wind direction and a de-
trending procedure is applied (see Hutchins et al., 2012, for details). While the
de-trending is necessary to remove slow temporal trends in the data, it inherently
also compromises the coherence at very long scales, which needs to be kept in
mind when interpreting the data. After data selection a total of 63 one hour long
segments, corresponding to the dataset used in Chauhan et al. (2013), remains.
The stability of each segment is characterised using the Monin-Obukhov stability
parameter zs/L with the Obukhov length scale
L = − ΘU
3
τ
κgwθ
. (6)
Here, the von Ka´rma´n constant κ = 0.41, g is the gravity acceleration, and Uτ =
(−uw)1/2 the friction velocity. All quantities are evaluated from an average of the
total of 10 sonic anemometers at zs = 2.14 m. Most of our data lie in the unstable
regime zs/L < 0 but a few data points also have zs/L > 0, which relates to stable
conditions (downward heat flux).
Next, we will employ the SLTEST dataset to study how stability affects the
self-similarity of coherent structures and how this changes the aspect ratio of the
structures in the flow. We will be using the lowest measurement point as reference
throughout, i.e. zR = 1.41 m from now on.
4 Results
4.1 Stability Dependence of the Self-Similar Scaling
We start out by considering a representative case with stable stratification zs/L >
0 in Fig. 4a. Evidently, the stable stratification has a significant effect on the
spectral energy distribution of streamwise velocity fluctuations. Even more impor-
tantly, however, these changes are seen to also propagate to the coherence spec-
trogram. While the coherence levels are generally lower, the isolines are also seen
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Fig. 4: Coherence spectrogram of the streamwise velocity component plotted vs.
z ( black lines) and ∆z = z − zR (shades of red) for a case with stable (a) and
unstable (b) stratification.
case are observed to follow a slope of 1 for large enough z+ consistent with the303
presence self-similar wall-attached structures. The fact that such a scaling is only304
obtained for sufficiently large z+ is to be expected since, for small separations,305
also structures that are not attached to the wall will be coherent (trivially γ2 = 1306
at all scales z = zR) and pure wall-scaling is only recovered once their influence307
has decayed. For large ∆z, there is no difference between plotting γ
2 as a function308
of z and ∆z, consistent with the expectation at ∆z ≫ zR. A more interesting309
observation can be made at smaller ∆z, for which ∆z ≫ zR does not hold. Even310
for this range, the slope of the γ isocontours is now approximately one, indicative of311
self-similar scaling, all the way to the smallest vertical separation distance (noting312
that ∆z = 0 is not shown due to the logarithmic axis). This means that self-313
similarity is now also observed where it was compromised by the contribution of314
non-attached structures when plotting with reference to the wall. The extended315
scaling region is therefore, in fact, indicative of self-similarity of non-wall-attached316
structures as suggested by the formulation of Davenport. Judging by the fact317
that the red lines for the ramp up in coherence are relatively straight, detached318
and wall-attached structures have the same aspect ratios. As a side note to the319
discussion here, we would like to point out that the eventual decay of coherence320
for λx > 10
6 is likely an artefact of the de-trending procedure since a similar effect321
was not observed in laboratory data (see Baars et al., 2017b).322
Our dataset allows us to investigate self-similar scaling also in the spanwise323
velocity component and the temperature fields. Such data is not commonly avail-324
able in laboratory experiments and has therefore not been studied previously in325
this context. We plot the results corresponding to the unstable case in Fig. 4(b)326
but now for v and θ in Figures 5 (a) and (b) respectively. With maybe some minor327
limitations in the scaling vs. z+ in the v-component, the situation is very similar328
to what was observed in the plot for the streamwise component in Fig. 4(b). This329
provides evidence of self-similar scaling also in the spanwise velocity and the tem-330
perature field. Especially the fact that the temperature field adheres to a similar331
geometrical organisation appears remarkable in view of how different the energy332
Fig. 4: Coherence spectrogram of the streamwise velocity component plotted vs.
z ( black lines) and ∆z = z − zR (shades of red) for a case with stable (a) and
unstable (b) stratification.
to deviate notably from a slope of 1, which would be expected for self-similarity
as discussed above (recall Fig. 1). This equally holds for plotting γ2 vs. z (as im-
plied by the attached-eddy hypothesis), as well as vs. ∆z following Davenport’s
hypothesis. The same observations could be made for the other stable data points
(in total we have 11), other components of velocity and temperature (not shown
here). Remarkably, this is already the case for relatively moderate values of zs/L.
In fact, the case at zs/L = 0.10 shown in Fig. 4 corresponds to the highest value
in the dataset. Based on these findings, the application of both (3) and (5) does
not appear justified for stable stratifications and will not be pursued further here.
The situati n is differ nt for unstable configu ations where the heat flux is
directed upward as can be seen from Fig. 4b. Also here, the turbulence fiel is
significantly affec ed by buoyan y as evidenced by considerably higher fluctuation
levels. In contrast to the stabl case however, the coherence isocontours in this
case are observed to follow a slope of 1 for large enough z+ consistent with the
presence self-similar wall-attac ed s ructures. Th fact that such a scaling is only
obtained for suffici ntly large z+ is to be expected since, for small separations,
also structures that are not attached to the wall will be coh re t (trivially γ2 = 1
at all scales z = zR) nd pure w ll-scaling is only recovered once their influence
has decayed. For large ∆z, there is no difference between plotting γ2 as a funct on
of z and ∆z, consiste t with the expectation at ∆z  zR. A more interesting
observation can be made at smaller ∆z, for which ∆z  zR does not hold. Eve
for this range, th slope of the γ i o ntours is ow approximately one, i dicative of
self-similar scali g, all the way to the smallest vertical separation distance (noting
that ∆z = 0 is not shown due to t e logarithmic axis). This means that self-
similarity is now also observed where it was compromised by the contribution of
non-attached structures when plotting with reference to the wall. The extended
scaling region is therefore, in fact, indicative of self-similarity of non-wall-attached
structures as suggested by the formulation of Davenport. Judging by the fact
that the red lines for the ramp up in coherence are relatively straight, detached
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Fig. 5: Same as Fig. 4 but for the spanwise velocity component v (a) and temper-
ature θ (b).
spectrogram looks in this case. Compared to the velocity counterparts, the relative333
contributions at high λx as well as further away from the wall are considerably334
lower for the scalar spectrogram.335
A more quantitative analysis is best achieved by replotting the data in the336
style of Fig. 1(a). This is done in Fig. 6 for the two velocity components and the337
temperature in the unstable case with zs/L = −2.80. Note that here we use the338
normalisation with ∆z as this provides a more extensive scaling region. Using z339
instead provides similar results — albeit with larger uncertainties. Plotting the340
results as presented in Fig. 6 scrutinises the aspect of self-similarity, as for this341
case a collapse of curves at different∆z is expected. As can be seen from the figure,342
such a nominal collapse is indeed observed for all quantities plotted. Identifying the343
scaling region by the range of this collapse (marked in red in the figure) allows us to344
fit the expression (3) to the data and to extract the statistical aspect ratio. These345
results are also included in Fig. 6 and it is obvious that the resulting A = 2.0 to346
A = 3.0 is significantly lower than the value of A ≈ 14 obtained under neutrally347
stable conditions. It therefore seems that unstable conditions drastically reduce348
the aspect ratio of coherent structures in the flow.349
We systematically investigate this trend by applying the same fitting procedure350
to all unstable datasets available. The results obtained from doing so are presented351
for u, v, and θ in Fig. 7(a-c). In all three cases, there is a clear trend of decreasing352
A with increasing magnitude of the stability parameter up to −zs/L ≈ 1. For353
even higher values of −zs/L, the aspect ratio consistently attains approximately354
constant values in all three quantities in the range 2 to 3. It is worth highlighting355
how sensitive the aspect ratio is to even only weakly unstable conditions. Indeed,356
the data appears well represented by an –entirely empirical– logarithmic fit for357
−zs/L < 1. The grey shaded region corresponds to |zs/L| < 0.1, which is a358
commonly used limit for approximately neutral conditions (e.g. Ho¨gstro¨m et al.,359
2002; Metzger et al., 2007a; Hutchins et al., 2012b). A varies by up to 50% in360
this region, lending support to more stringent criteria such as |z/L| < 0.06 applied361
in Wang and Zheng (2016) at least for certain statistical quantities. We do note362
however, that the precise value of the stability parameter depends on the choice363
Fig. 5: Same as Fig. 4 but for the spanwise velocity component v (a) and temper-
ature θ (b).
and wall-attached structures have the same aspect ratios. As a side note to the
discussion here, we would like to point out that the eventual decay of coherence
for λx > 10
6 is likely an artefact of the de-trending procedure since a similar effect
was not observed in laboratory data (see Baars et al., 2017).
Our dataset allows us to investigate self-similar scaling also in the spanwise
velocity component and the temperature fields. Such data is not commonly avail-
able in laboratory experiments and has therefore not been studied previously in
this context. We plot the results corresponding to the unstable case in Fig. 4b
but now for v and θ in Figs. 5a and 5b, respectively. With maybe some minor
limitations in the scaling vs. z+ in the v-component, the situation is very similar
to what was observed in the plot for the streamwise component in Fig. 4b. This
provides evidence of self-similar scaling also in the spanwise velocity and the tem-
perature field. Especially the fact that the temperature field adheres to a similar
geometrical organization appears remarkable in view of how different the energy
spectrogram looks in this case. Compared to the velocity counterparts, the relative
contributions at high λx as well as further away from the wall are considerably
lower for the scalar spectrogram.
A more quantitative analysis is best achieved by eplotti the data in the
style of Fig. 1a. This is done in Fig. 6 for the two velocity components and the
temperature in the unstable case with zs/L = −2.80. Note that here we use the
normalization with ∆z as this provid s a more extensive scaling region. Using z
instead provides similar r sults — albeit with larger uncertainties. Plott ng the
result a pr sented in Fig. 6 scrutinises the aspect of self-similar y, as for this
cas a coll se of curves at different ∆z is expected. As can be seen from the gure,
such a nominal collapse is in eed observed for all quantitie plotted. Identifying the
s aling region by the range of this collapse (marked i red in the figure) allows us to
fit the expression (3) to the data and to extract the statistical aspect ratio. These
results are also included in Fig. 6 and it is obvious that the resulting A = 2.0 to
A = 3.0 is significantly lower than the value of A ≈ 14 obtai ed under neutrally
stable conditions. It therefore seems that unstable conditions drastically reduce
the aspect ratio of coherent structures in the flow.
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Fig. 6: γ2 in the range 1.58m ≤ ∆z ≤ 11.10m (with increasing ∆z indicated by
lighter shades of grey) for the streamwise (a) and spanwise (b) velocity components
as well as temperature (c) for the case with zs/L = −2.80. The blue line is a fit
according to Eq. 3 with C1 = 0.302 fixed; the fitting region used here is bounded
by γ2 > 0.1 and λx < 100m and is indicated in red.
of the reference height z (we use z = 2.14m) as L is determined by wall quantities364
only. This choice is somewhat arbitrary for the multipoint statistics presented here365
and was motivated by data availability and consistency with previous studies in366
the present case. The dependence is linear however, and the values can therefore367
easily be transformed to other reference heights.368
Finally, we briefly comment on the differences in the aspect ratios obtained369
from the three different quantities. We already established from Fig. 7(a-c) that370
the general trends are consistent across u, v and θ. In Fig. 7(d), we plot Av and371
Aθ with respect to Au. In general, all ratios are close to 1. It will require further372
research to determine whether the slight deviations from 1, e.g. bothAv/Au and373
Aθ/Av tend to be slightly smaller 1 for −zs/L < 1, are statistically significant or374
simply owed to inaccuracies in determiningA. Differences between the coherence375
decay in different velocity components have nevertheless also been reported in376
the wind engineering community where Berman and Stearns (1977) and similarly377
Pielke and Panofsky (1971) report somewhat slower decay rates (lower k) for the378
v-component as compared to u.379
4.2 Relationship between A and k380
The relationship between the statistical aspect ratio A derived based on (3) and381
the parameter k in (5) is addressed in the following. An analytical relationship is382
readily derived by setting (3) and (5) equal at a reference point ξ ≡ λxz |ref and383
assuming z = ∆z. In this case, we obtain384
k = −ξ/2 ln [C1 ln(ξ)− ln(A)] (7)
and from Fig. 6, ξ = 20 is a reasonable choice for the present data as it corresponds385
to γ2 ≈ 0.5. A representation of (7) with this parameter is included in Fig. 8(a)386
Fig. 6: γ2 in the range 1.58 m ≤ ∆z 11.10 (with increasing ∆ i i t
lighter shades of grey) for the strea ise (a) and s a ise ( ) el cit c
as well as te perature (c) for the case it zs/ 2. . e l e li is fit
according to Eq. 3 ith 1 0.302 fixed; the fitti regio se ere is
by γ2 0.1 and λx 100 and is indicate in re .
We systematically investigate this trend by applying the same fitting procedure
to all unstable datasets available. The results obtained from doing so are presented
for u, v, and θ in Fig. 7(a-c). In all three cases, there is a clear trend of decreasing
A with increasing magnitude of the stability parameter up to −zs/L ≈ 1. For
even higher values of −zs/L, the aspect ratio consistently attains approximately
constant values in all three quantities in the range 2 to 3. It is worth highlighting
how sensitive the aspect ratio is to even only weakly unstable conditions. Indeed,
the data appears well represented by an –entirely empirical– logarithmic fit for
−zs/L < 1. The grey shaded region corresponds to |zs/L| < 0.1, which is a
commonly used limit for approximately neutral conditions (e.g. Ho¨gstro¨m et al.,
2002; Metzger et al., 2007; Hutchins et al., 2012). A varies by up to 50% in this
region, lending support to more stringent criteria such as |z/L| < 0.06 applied
in Wang and Zheng (2016) at least for certain statistical quantities. We do note
however, that the precise value of the stability parameter depends on the choice
of the reference height z (we use z = 2.14 m) as L is determined by wall quantities
only. This choice is somewhat arbitrary for the multipoint statistics presented here
and was motivated by data availability and consistency with previous studies in
the present case. The dependence is linear however, and the values can therefore
easily be transformed to other reference heights.
Finally, we briefly comment on the differences in the aspect ratios obtained
from the three different quantities. We already established from Fig. 7(a-c) that
the general trends are consistent across u, v and θ. In Fig. 7(d), we plot Av and
Aθ with respect to Au. In general, all ratios are close to 1. It will require further
research to determine whether the slight deviations from 1, e.g. bothAv/Au and
Aθ/Av tend to be slightly smaller 1 for −zs/L < 1, are statistically significant or
simply owed to inaccuracies in determining A. Differences between the coherence
decay in different velocity components have nev rth l ss also been reported in
the wind engine ring community where Berman and S arns (1977) and s milarly
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Fig. 7: Results for the aspect ratio as a function of the stability parameters zs/L
for velocity components u (a) and v (b) as well as temperature (c). Lines and the
equations in (a-c) represent the results from fitting a linear relation for zs/L < 1
and a constant for zs/L > 1, respectively. Panel (d) compares the aspect ratios
obtained from different quantities by showing the ratios AvAu (blue triangles)
and AθAu (green diamonds). The region shaded in grey denotes the −zs/L < 1,
a range widely considered as near-neutral.
along with results for ki obtained from fitting (5) to the same data points used387
to determine Ai (here and in the following i = u, v, θ). Overall, the agreement of388
(7) with the data is very good and there is little scatter even between different389
components and the scalar. For the region of interest, the somewhat unwieldy390
relation (7) is very well approximated by a linear function and the corresponding391
linear dependence is included in Fig. 8(a). Fig. 8(b,c) compare our results for392
i . as ect ratio as a function of the stab lity param ter zs/L
f r l i ll as te perature (c). Lines and the
i i - fi li l i zs/L < 0.1
a constant for zs/ > 0.1, respectively. Panel (d) compares the aspect ratios
t i fr iff i i s i t r ti s v/Au (blue triangles)
θ/Au (gr en diamonds). The region sha ed in grey denotes the −zs/L <
0.1, a range widely consi ered as near-neutral.
Pielke and Panofsky (1971) report somewhat slower decay rates (lowe k) for the
v-component as compared to u.
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4.2 Relationship Between A and k
The relationship between the statistical aspect ratio A derived based on (3) and
the parameter k in (5) is addressed in the following. An analytical relationship is
readily derived by setting (3) and (5) equal at a reference point ξ ≡ λxz |ref and
assuming z = ∆z. In this case, we obtain
k = −ξ/2 ln [C1 ln(ξ)− ln(A)] , (7)
and from Fig. 6, ξ = 20 is a reasonable choice for the present data as it corresponds
to γ2 ≈ 0.5. A representation of (7) with this parameter is included in Fig. 8a
along with results for ki obtained from fitting (5) to the same data points used
to determine Ai (here and in the following i = u, v, θ). Overall, the agreement of
(7) with the data is very good and there is little scatter even between different
components and the scalar. For the region of interest, the somewhat unwieldy
relation (7) is very well approximated by a linear function and the corresponding
linear dependence is included in Fig. 8a. Figures 8b and 8c compare our results
for ku and kv to values reported in the wind engineering literature and collected
by Panofsky (1973). In these figures the region corresponding to stable conditions
is greyed out as our detailed analysis revealed a lack of self-similar scaling as
implied by both (3) and (5). The scatter in the literature data is considerable
between different observation sites likely reflecting differences in topology. In this
sense, our data from the SLTEST can be considered as a reference case with
minimal roughness and topological effects. Consequently, the scatter in the present
data is significantly lower. For both, u and v, the new data points are largely
consistent with the dashed lines labelled ‘Trend others’, which is a trend line (by
eye) for all measurements but those at the Kennedy Space Center (KSC) drawn by
Panofsky (1973). The data from the KSC (and the corresponding trend lines) lie
at consistently and significantly higher values of ki than our results. Nonetheless,
the fact that ki levels off at an approximately constant value beyond −zs/L = 1
is a feature that appears to be shared by all available datasets. Once again, we
emphasise that the exact values of the stability parameter might change slightly
depending on which reference height is chosen; unfortunately, information on the
reference heights could not be retrieved for all literature datasets introducing an
element of uncertainty.
5 Concluding Remarks
The main findings of the present studies are summarised as follows:
– We have demonstrated that implications of Townsend’s attached-eddy hypoth-
esis for the coherence trend are consistent with Davenport’s hypothesis. This
applies to the geometrical self-similarity of wall-attached structures as well as
to the fact that the empirically derived exponential decay in Davenport’s for-
mulation matches closely with a logarithmic expression that follows directly
from the aspect of self-similarity.
– The self-similarity implied by Davenport is even more comprehensive and also
encompasses structures that are not attached to the wall. Evidence of such a
self-similar behaviour could indeed be observed for the high Reτ SLTEST data
employed herein.
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Fig. 8: (a) Fit results for ki vs. those for Ai (same symbols as in Fig. 7), with
i = u, v, θ. Black dashed line represents the relation (7) with ξ = 20, solid lines
are linear fits to the data as labelled in the legend. Panels (b) and (d) respectively
compare our results for ku and kv to literature values obtained from Panofsky
(1973). The fits to the current data shown here are obtained from the fits toA in
Fig. 7(a,b) along with the linear relations in panel (a) of this figure.
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minimal roughness and topological effects. Consequently, the scatter in the present399
data is significantly lower. For both, u and v, the new data points are largely400
consistent with the dashed lines labelled ‘Trend others’, which is a trend line (by401
eye) for all measurements but those at the Kennedy space center (KSC) drawn by402
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– The self-similarity assumptions/hypotheses do not seem to hold for stable data.
Neither z- nor ∆z-scaling is observed in this case, which implies that there is
no self-similarity for stable data. This is clearly observed in our data since we
compute the coherence spectrum (a continuous function of scale with a finely
frequency-discretized fast Fourier transform-approach). In the literature, the
coherence is often computed at coarsely spaced frequency discretizations with
fits based on a few data points only. Our results provide clear evidence that
the stable ASL has no self-similar coherence and hypotheses of Townsend and
Davenport should not be applied in this case. We point out that it is pre-
dominantly the self-similarity aspect that fails in the stable regime while there
is still non-zero coherence. The departure from self-similarity occurs far from
extreme (‘z-less’) conditions at relatively weak stratification, for which Monin–
Obukhov similarity theory holds. While we do not observe self-similarity for
any of our stable data, it appears likely that for very weak stable stratification
self-similarity may be recovered. Unfortunately, we cannot determine such a
threshold from the present dataset.
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– Consistent with expectations based on the attached-eddy hypothesis frame-
work, self-similar scaling was not only observed for u, but also for spanwise
velocity fluctuations v and temperature fluctuations θ.
– Even relatively weak unstable stratifications drastically reduce the statistical
aspect ratio A for all quantities investigated here. Based on our results, we
were able to parametrize this trend in terms of a logarithmic decay for zs/L < 1
and constant values for zs/L > 1.
– Generally, the trend of decreasingA with decreasing stability is intuitively con-
sistent with the fact that buoyancy supports the upward motion of structures
from the wall. The question remains as to whether the nature of the structures
themselves changes under very unstable conditions (e.g. towards convection
cell-type motion) as may be suspected based on the change in trend for A
around zs/L = 1. A conclusive answer in this regard cannot be provided from
the present analysis. It is, however, remarkable that the slope C1 is largely in-
sensitive to zs/L in our data. Physically, the parameter C1 can be interpreted
as a measure for the relative contribution of attached structures to the overall
turbulence intensity. The fact that this quantity remains unaltered seems to
indicate that, at least in the parameter range accessed here, the fundamental
flow organization does not change significantly. This notion is substantiated by
the observation that also self-similarity still holds in the unstable regime.
– We established a simple linear relation between the aspect ratio A and k in
the Davenport formulation, such that the fit parameter k can be interpreted
as an aspect ratio. Comparison of our results for the stability dependence of k
with the literature reveals significantly lower scatter for the high-fidelity ASL
data over smooth-terrain presented here. As such, the present dataset serves
as a base-case for the vertical coherence over any other type of terrain.
As a final remark, we would like to point out that even though the present study
is limited to vertical coherence, connecting Davenport’s to Townsend’s framework
for this case also places predictions and applications to horizontal coherence on a
stronger footing.
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